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Abstract: 
The purpose of this document is to propose and demonstrate the feasibility and 
effectiveness of substituting an open flame biomass cooking process with a closed system with 
the capabilities of sustaining an adequate fire.  Clay ovens or “chulhas” are the traditional piece 
of cooking equipment used in poorer areas of the world.  They are often built inside cramped 
one-room housing units with little or no ventilation.  The emissions released from burning fuel 
sources such as wood, coal, or animal waste bring with them detrimental and often fatal health 
problems and results in approximately 1.3 million deaths per year. 
The proposed method for validating the closed system involves burning a set amount of 
wood exposed to the environment, then attempting to replicate the burn time and 
temperature inside a closed steel box with appropriately designed ventilation holes.  The closed 
steel box will have one opening to allow the necessary air for combustion to enter, and another 
such opening to let the exhaust leave the box.  A thermodynamic model of wood combustion 
was used to determine the amount of air needed to enter the box, and thus the overall design 
of the inlet and exhaust openings.  The closed box design will be deemed sufficient if the fire 
inside burns as long and hot or longer and hotter than the open flame process.  If these 
conditions are met, the fire is assumed to be satisfactory for cooking and this design may lead 
to further advances in targeting the issue of indoor air pollution.  Future work may entail 
padding the exhaust opening with filtering materials to capture the harmful constituents of the 
exhaust gases, thereby leading to a complete solution. The entire project was based on the 
assumption of keeping the solution simple, cheap and leading to minimal change in human 
behavior.  
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Introduction/Problem Statement 
As one can imagine, the standard of living, availability of technology, and the challenges 
of everyday life vary immensely across the world.  The differences between developing and 
developed countries have never been more apparent than they are today.  The advances in 
technology in combination with the availability of resources has made cooking, bathing, and 
other every day processes simple and cheap for citizens living in first world countries.  Citizens 
of these countries live in multi-level houses, complete with indoor plumbing, and readily 
available electricity.  The ease of use of gases and electricity has all but removed coal and wood 
burning ovens from more developed areas of the world.  Many people living in developing 
countries may not be able to afford or may not have the exposure to the aforementioned 
luxuries.  They often live in small huts which are constructed in run down slums.  Sleeping, 
cooking, washing often all occur in these small one room domains. 
Most if not all developing countries are densely populated and there may be a shortage 
of valuable resources.  Additionally many citizens are too poor to afford these resources. In 
developing countries such as India or Indonesia, the primary method for cooking for the poor 
still involves the direct burning of biomass.  Types of biomass being used daily include coal, 
wood, types of agricultural waste, and in some cases animal waste.  These various types of 
biomass are plentiful in developing countries and are often the only or most affordable source 
of energy for many citizens.  Table 1 below helps to stress the importance of biomass fuels in 
various countries. 
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Table 1 Population Relying on Biomass as Primary Cooking Fuel 
Interpretation of Table 1 shows that almost 70 percent of India, Indonesia and Sub-
Sharan Africa are exhausting biomass fuels as their main source for cooking.  In just these three 
regions alone, over 1.5 billion people are dependent on biomass fuels to cook their meals.  
Another interesting fact this table illustrates is the heavier use of biomass fuels in rural areas.  
Again looking at the aforementioned three regions, nearly 90 percent of rural inhabitants are 
cooking with biomass materials. This correlation is more clearly defined below in Table 2. 
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Table 2 Primary Cooking Fuel in Indian and Botswana Households  
Examination of Table 2, and again particularly focusing on India, helps express the 
lifestyle difference across different regions of the country.  In the more developed urban area, 
only approximately 20 percent of inhabitants are using wood as an energy source when they 
cook there meals.  The majority of urban households are using liquefied petroleum or kerosene 
to provide the energy needed for cooking.  It is also worth noting that they may be electing to 
cook with wood based on a personal taste preference.  In some of these cases it is possible that 
the electric, liquefied petroleum gas, and kerosene fuels may still be readily available and can 
be used if need be.  Also no urban inhabitants are using animal dung as a cooking source.  
Conversely, in rural areas of India, wood is accounting for approximately 70 percent of all 
exhausted cooking fuels.  Another biomass source, cow dung is responsible for another 10 
5 
 
 
percent of inhabitants’ primary cooking fuel.  Overall, Table 2 helps show reliance on wood as a 
fuel source in rural areas verses the dependence on LPG and kerosene in urban areas.   
Alternative cooking fuels are not the only area of concern for inhabitants in the poorer 
areas of developing countries like India.  One resource these people lack for is living space.  To 
the everyday citizen living in a developed country this may not even register to them as a 
resource, but in the slums of India the housing situation is shocking.  Per the Indian census, a 
slum is defined as a residential area where dwellings are unfit for human habitation.  Slums are 
arising all over the country of India and are linked to multiple factors. The largest influence in 
slum development can be traced back to the rise in population across India.  The population 
trend for India can best be described below in Figure 1. 
 
Figure 1 Population Trends in India (Live as of 3/12/2016) 
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Analysis of Figure 1 shows that in the last 50 years the population in India has tripled and there 
are approximately 1.3 billion citizens living in India.  The population is increasing linearly at the 
rate of approximately 15 million people per year.  As expected, all these new citizens require a 
place to live, with the population in some cities growing by as many as one million inhabitants 
per year.  Cities have not been able to accommodate such a drastic change in population and 
the rural to urban migration that has come along with it.  Due to the surplus of migrants, many 
buildings that are constructed as living quarters are built quickly and illegally.  However, it is 
important to note that not all slums are illegal, some are recognized as legal housing 
communities. Another issue stemming from the migration is that rural migrants often have 
difficulty quickly finding employment in cities due to their limited skillsets.  This leads to 
financial shortages across many migrant families.  Compounding to this effect, for many cities, 
there has not been adequate funding to develop proper infrastructure. This is due to the fact 
India is a poorer country with a lower gross national income.  The combination of population 
spike, rural to urban migration, and urban poverty has fueled slum development outside of 
cities across the country of India.  A very vivid example of an urban slum can be seen below in 
Figure 2. 
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Figure 2-Slum outside of Mumbai  
Looking at Figure 2, small housing clusters have been thrown together on the outskirts of the 
richer urban city of Mumbai, one of the richest cities in India.   Over the last 50 years, the 
amount Mumbai’s population that has lived in the slums has followed an alarming trend as 
shown below in Figure 3. 
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Figure 3-Variation of Slum Population in Mumbai 1961-2001 
Interpretation of Figure 3 shows that in 2001 close to 12 million people were living in the city of 
Mumbai and approximately 6 million, or roughly 50 percent lived in the slums that have 
developed around the city.  This percentage of inhabitants living in the slums is drastically 
higher than it was 40-50 years ago.   Looking at the issue across all major urban cities in India, it 
is been found that approximately 1 in 6 urban Indian inhabitants currently reside in a slum.   
While the allure of industry around urban areas draws many inhabitants toward cities, 
the issue of slum housing is a problem across the entire country of India.  It is currently 
estimated that over 65 million people in India are living in the slums.  To put that into 
perspective, there are more people inhabiting Indian slums, then there were living in California 
and Texas combined in 2010.  These slum housing units are by no means what many citizens in 
first world countries would deem as suitable living quarters.  Structurally they offer little more 
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than 4 walls and a roof and are primarily one-room huts.  As far as how they are actually built, 
they can be constructed in various ways using various materials.  Some of these slum huts may 
be built using traditional building materials such as bricks or concrete.  Other examples of slum 
housing include huts constructed using clay, sheet metal scraps, plastics, or even cardboard.  
Figure 4 below shows an outside view of huts built in what is now a typical Indian slum. 
 
Figure 4-Indian Slum 
Looking at Figure 4, these “houses” are constructed practically on top of each other and are 
made of what looks to be whatever was available at the time.   
 The slum shanties provide little luxury as far as space and comfort are concerned.  
According to The Times of India¸ one of every three Indians residing in urban areas live in a 
house that is too crowded to exceed the minimum special conditions of U.S prison cells.  Data 
found from a survey conducted by the National Sample Survey Organization has shown that 
approximately 33% of urban Indian houses contain a habitable area of 258 square feet or less.  
Additionally the study has found the average urban house size to be around 4.3 people, 
therefore leaving around 60 square feet per household member.  This is less than the size of 
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most American bedrooms, and this area doesn’t just serve as a bedroom for an inhabitant.  This 
space is all the family living inside the home has to use for sleeping, cooking, washing, toilet 
needs, as well as spending idle time.   
 The aforementioned slum houses described help paint a picture of the tight living 
quarters poorer Indian families may be forced to live in.  It is important to note that some 
urban and rural families may be forced to live in smaller huts then mentioned above.  The 
density of housing in the slums may force families to live in even smaller cramped quarters.   
 For citizens in India, many health risks have become associated with performing the 
everyday functions necessary to survive in these compact living quarters.  One vital function 
that is currently resulting health problems for many slum dwellers is how the cooking process is 
completed inside the slum housing.  A large number of Indian slum dwellers currently cook 
their food indoors on a stone or clay oven they call a “chulha”.  Clay is the most commonly used 
material to make these cooking places, which are simply three walls about a foot tall and having 
a 1 x 1 foot space between them so as to balance a metal pan on top of them. Below in Figure 
5, a wood burning chulha is shown cooking a tortilla, a popular part of Indian diets. 
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Figure 5-Wood Burning Chulha 
Due to the nature of the chulha, no gas lines or electricity are used in the cooking process.  This 
cooking process is completed using biomass fuel sources, helping to validate and explain the 
earlier stated dependence on biomass sources.  These sources are so heavily relied on due to 
the fact that the slum housing provides limited or no exposure to electricity and gas sources, 
and cooking and eating are obviously vital to survival.  The open flame burning of these biomass 
sources releases harmful carbon dioxide emissions, which in combination with the tight living 
quarters is putting many Indian lives at risk. 
 Due to the nature of the slum housing, there is little to no ventilation for the hazardous 
air pollution that is released during the process of burning biomass fuels such as wood or coal.  
Most if not all of the carbon dioxide remains inside the hut and is inhaled by whoever is cooking 
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or inside the hut.  Below in Figure 6, a traditional Indian family is shown sitting inside their hut 
while a meal is cooking. 
 
Figure 6- Cooking Inside a Hut 
This image helps to visualize the overlying problem.  The smoke is seen coming directly off the 
fire and accumulating in the hut.  The child on the right sits idly by, exposed to the smoke while 
waiting to eat his meal.   
These hazardous air pollutants can cause various medical issues many of which turn out 
to be fatal.  Some of the health complications resulting from inhaling the hazardous byproducts 
of burning biomass sources include pneumonia, chronic obstructive pulmonary disease.  Over 
time, these diseases can turn to be fatal, and the problem is larger than many may have 
expected.  The World Health Organization (WHO) published a report in March of 2014 
confirming that air pollution is the world’s single largest environmental risk.  The report also 
stated that in the year 2012, 1.3 million deaths have been associated with hazardous air 
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pollutants inside households.  Below in Figure 7, the annual deaths of several other diseases 
can be seen in comparison with the annual deaths caused by smoke from biomass.   
 
Figure 7-Worldwide Annual Deaths, Various Causes 
To add to the severity of this issue, the WHO has also found that children are the most 
susceptible to the diseases caused from exposure to soot and the toxic gases. They predict that 
of the approximately 4,000 deaths per day resulting from biomass use, more than 50% of the 
deaths belong to children under the age of five.  The amount of children falling victim to 
hazardous air pollutants may change the way one looks at Figure 6 above.   
 Any approach to reduce or eliminate these harmful emissions can have an immense 
impact on millions or even billions of people’s lives, not only in India, but all over the world.  
Improvements to the biomass cooking process can be implemented in various ways and would 
each target a specific process.  One method to target the issue of hazardous emissions involves 
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using alternative energy sources in combination with, or to completely replace the biomass 
fuels.  One alternate source that has begun to be used in cooking applications is solar energy.  
Solar energy cookers involve using solar panels to convert light from the sun into electricity.  An 
example of a solar cooker comprised of many solar panels is shown below in Figure 8. 
 
Figure 8-Solar Panel Cooker 
With an abundant source of energy from sunlight, on the surface level solar cookers are 
a good idea, many problems arise when trying to use them to as a biomass solution in slums 
across India.  One issue stems from storing enough solar energy to use the cooker at night or on 
cloudy days.  If the stored energy cannot be retrieved when needed to cook or when the sun is 
not available, the energy is useless.  One other issue with using solar powered cooking is the 
complete cooking process requires a large amount of energy.  In order to convert and release a 
sufficient amount of energy, a large area of solar panels will be needed.  This is not practical for 
multiple reasons.  As stated earlier, the slum houses offer little to know extra space and in 
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some cases are constructed on top of each other.  This building approach leaves little extra 
space to work with, let alone to effectively construct a solar panel area.  For these reasons a 
solar panel cooker is not a practical solution for the aforementioned issue.   
Another such solution targets the emissions from the biofuel sources themselves.  The 
target of this solution is to lower the amount of harmful emissions that are released each time 
a meal is cooked.  Reduction emission can be accomplished through various methods, one 
being to increase the efficiency of the burning process, thus reducing the amount of biomass 
being burned.  An additional method is to use filtering to remove harmful substances from the 
emissions.   
The solution developed to help improve the cooking process slum inhabitants using biomass 
fuel sources will focus around emission reduction.  The proposed solution involves replacing the 
fire that is open to the environment inside the hut with a fire that is contained in a closed 
system, in this case a steel box.  The steel box will have inlet and exhaust holes cut into it to 
allow the necessary air to reach the biomass and sustain the fire, while the exhaust vent will 
allow the harmful emissions to exit the box.  The hypothesis to be tested using the steel box 
system is by containing the fire it will burn as hot and long, if not hotter and longer, than the 
open flame.  If this is proved to be true this may help lower the amount of biomass used during 
the cooking, but more importantly may pave the way for an additional design or modification to 
allow for filtration of the emissions through the exhaust.   
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Creation of a Simple Model 
The focus of this section was to prove the concept of creating a single inlet single outlet, wood 
burning heat exchanger.  Through the use of simple calculations and complex Computational 
Fluid Dynamics software, the basis of this model was proven. From this section, one can better 
understand the combustion of wood, and the fluid flow that will occur within a properly vented 
fire.  As a direct result of the model, the design team will have the starting parameters from 
which a prototype can be built.  
The combustion of wood is complex in its truest form. As a result, the design team took every 
opportunity to simplify the model. These simplifications will not only reduce simulation time, 
but will also reduce the risk of stockpiling complex errors and inconsistencies.   
To start, it is important to note that wood is a compound made of cellulose, hemicellulose, 
lignin and wood extractives. Thus there is no clear empirical formula for wood. As a result, the 
team used the experimental empirical formula (Ritchie et Al, 1997)i given below: 
                                                                        𝐶3.4𝐻6.2𝑂2.5                                                              (1) 
The CFD program, Fire Dynamics Simulator (FDS), uses the following formula in its ‘Simple 
Chemistry’ calculations:  
                     𝐶𝑥𝐻𝑦𝑂𝑧𝑁𝑣 + 𝑣𝑜2𝐶𝑂2 + 𝑣𝐻2𝑂𝐻2𝑂 + 𝑣𝐶𝑂𝐶𝑂 + 𝑣𝑠𝑆𝑜𝑜𝑡 + 𝑣𝑁2𝑁2                      (2)                               
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In order to use FDS, equation (1), as well as yields of CO, soot and the mole fraction of 
hydrogen in the soot, must be provided.  Using the FDS user manual, as well as the SFPE 
Handbook Fire of Protection Engineering, the following inputs were used: 
Input Value Description 
𝐶𝑥 3.4 Carbon 
𝐻𝑦 6.2 Hydrogen 
𝑂𝑧 2.5 Oxygen 
𝑁𝑣 0.0 Nitrogen 
𝑉𝑐𝑜 0.0 CO yield 
𝑉𝑠 0.015 Soot Yield 
𝑋 0.0 Soot H Fraction 
Table 3-Simple Chemistry Simulation Inputs 
Utilizing basic stoichiometry equation (2) can be balanced. Next utilizing the assumption that 
1.10E4 kJ/kg of heat is released per unit 𝑂2, one could determine the Heat of Combustion of 
wood from the following equation:  
                                                        𝛥𝐻𝑐 = 𝑟 ∗ 𝑣𝑜2 ∗
𝑀𝑂2
𝑀𝑓𝑢𝑒𝑙
                                                            (3) 
In order to add consistency to the model (and future testing) it was determined that the fuel 
would be stacked to form a wood crib. The combustion of wood cribs has been studied since 
the 1930’sii and offers a simplistic approach to the building of a fire. Utilizing the SFPE 
handbook, the Heat Release Rate (HRR) of the wood crib can easily be estimated. Note: the HRR 
is arguably the most important characteristic of a fire. Simply put the HRR describes the heat 
(which is energy measured in Joules or kilo-Joules) a fire produces per second; thus giving kilo-
Joules per second or a kilowatt. It is important to note that the HRR of a fire is variable with 
time. In other words the heat that a fire produces is not constant.  With that said, the following 
process and equations from the SFPE were used to determine a general estimate for the HRR. 
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Figure 9-Layout and Variables of a Wood Crib. Image Credit SFPE Handbook 
Heat Release Rate can be simply calculated by multiplying the heat of combustion by the mass 
loss rate of the fuel. 
                                                       𝐻𝑅𝑅 = ∆ℎ𝑐  ⋅  𝑀𝐿𝑅                                                       (4) 
However the mass loss rate, and thus the HRR, can be limited by the fuel surface, the crib 
porosity, or the room ventilation. Therefore the mass loss rate must be calculated for each of 
these conditions. Since these mass rates represent limits, the lowest mass rate for each unit of 
time should be used to calculate the HRR. 
A fire dictated by fuel surface control is limited by the stick surfaces burning freely.  The mass 
loss rate for a fuel surface controlled fire can be calculated by the following equation: 
                                                               𝑚 =
4
𝐷
𝑚𝑜𝑣𝑝(1 −
2𝑣𝑝𝑡
𝐷
)                                                    (5) 
Here 𝐷 is the stick thickness, 𝑚𝑂 is the initial mass, 𝑣𝑃 is the regression velocity, and 𝑡 is the 
time in seconds. Note: velocity regression is a function of thickness and material as seen in 
equation (6). 
                                               Wood:  𝑣𝑝 = 2.2 ⋅ 10
−6𝐷−.06                                             (6) 
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On the other hand a wood crib fire can be limited by the flow rate of air and fuel products 
through the crib. Thus, tightly packed cribs can limit the air flow and consequently limit the 
HRR. The mass loss rate for a fire limited by the crib porosity is given by:   
                                               ?̇? = 4.4 ⋅ 10−4(
𝑆
ℎ𝑐
)(
𝑚𝑜
𝐷
)                                                  (7) 
With the other variables remaining the same, 𝑆 is the clear spacing between sticks.  
A wood crib fire can also be limited by the ventilation of the room. The mass loss rate for a 
ventilation controlled fire is given by equation (8).  
                                               ?̇? = 0.12𝐴𝑉√ℎ𝑣                                                                 (8) 
Here 𝐴𝑣 is the ventilation area, and ℎ𝑣 is the vertical height of the vent. Note: since the goal is 
to provide the burner with adequate air flow (to reach full combustion and not suffocating the 
fire), it is important to make sure that the limiting factor is not the ventilation. In other words, 
when determining the lowest HRR at any moment in time, only the mass loss rate of a porosity 
or surface controlled fire should be considered. Thus, for our scope this equation will go 
unused.  
With that said, the following variables were used to calculate the HRR.  
Stick thickness 𝑫 0.03 m 
Spacing 𝑺 0.02 m 
Crib height 𝒉𝒄 0.10 m 
Initial mass 𝒎𝑶 0.40 kg 
Heat of combustion 𝜟𝒉𝒄 17900 kJ/Kg 
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Taking the minimum HRR at every unit of time the following Graph was determined 
 
Figure 10- Estimated HRR 
Once the estimated HRR was determined, the team modeled the closed box in the FDS 
software. Note that no ventilation was cut into this first model. The team then modeled the 
wood crate as a cube burner with the time dependent Heat Release Rate as seen in Figure 10. It 
is important to note that by specifying a time dependent HRR, we are not dictating the rate at 
which heat is release from the crate (as the term implies). Rather, by specifying a HRR that 
matches our calculations, we are actually specifying a rate at which combustible products are 
released. Thus, in order to actually produce heat (and reach the HRR that matches our 
calculations) sufficient oxygen must be present. This is a result of the stoichiometric equation 
provided in equation (2). In other words, if proper ventilation is not provided, the fire will 
suffocate, and the HRR will not be reached.  
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Figure 11-Simulation of Wood Crib without Ventilation 
 
Figure 12-HRR of Enclosed Fire without Ventilation 
After running the FDS software the fire burned itself out in less than 20 seconds. Moreover, the 
HRR was not able to meet the time dependent criteria that we had specified. This suggested 
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that the team could directly iterate the inlet and outlet areas until proper air circulation was 
provided, and the specified HRR was reached.  
After several iterations of varying inlet and outlet areas, the team developed the following 
model. The inlet had an area of 0.013 m² and the outlet had an area of 0.023 m².  
 
Figure 13-Simulation of Wood Crib with Ventilation 
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Most importantly the team checked the HRR graph and compared it to the HRR that was 
estimated. From this graph it is evident that the simulation heat release rate is near identical to 
the HRR that was specified. This means that the simulation had enough oxygen to properly 
burn. Note the slight inconsistencies between the plots are likely due to combustion gases that 
are escaping the mesh.  
 
Figure 14-HRR of Wood Crib with Ventilation 
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In addition to matching the HRR the team was able to further understand the dynamics of the 
model by analyzing the fluid velocity vectors.  
 
Figure 15-Velocity Vectors of Wood Crib with Ventilation 
Analysis of the velocity vectors at any given moment in time, reveals that products (smoke) is 
not exiting the inlet, and reactants (air) is not entering the exhaust. It is important to keep the 
inlet and outlet isolated in order to ensure that future models/prototypes can focus on only 
filtering the outlet.   
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Design of Experiment 
 
In order to validate the feasibility and effectiveness of a closed system several variables were 
analyzed. The experiment ran was two-fold with one main control group, burn time. Through a 
trial and error process, a quantity of wood, total pieces and dimensions needed to be 
determined and burn in the range of 25+ minutes, which is accurate with typical chula burn 
times. From here a control group had to be established for all subsequent tests. By burning 
various constraints in an open environment a control group was established and had an initial 
burn time of approximately 28 minutes and is shown below in table 4. Full results of the control 
group are shown in the results section.  
CONTROL GROUP 
Fuel 300-500 
grams 
Burn Time 28-29 mins 
Pieces 6 
Dimension 3 cm x 12 
cm x (up to 
4 cm 
thickness) 
 
 
Table 4-Control Group 
 
From here two main variables were analyzed, inlet and exit area. The effect these variables 
have on box temperature and burn time will be looked at explicitly later on in the results 
section, and additionally compared to the theoretical model established previously. An 
illustration of all variables is shown below in figure 16. It should be noted that in order for the 
hypothesis to be validated, all changes in areas should result in an equivalent burn time as the 
control group.  
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Figure 16-Factors and Responses 
 
Using the factors and responses figure above the general outline for testing can be seen. From 
here the test procedure for the open burn control group needed to be developed. The test 
procedure used to develop this group is shown below. 
Open Burn 
 
1.) Cut wood to pre-determined size 
a.) 300-500 gram of wood pieces 
b.) 3 cm by 12 cm by varying thickness up to 4 cm 
 
2.) Cut starter log to pre-determined size 
a.) 15 grams of starter pieces 
 
3.) Prepare test apparatus 
a.) Place test container inside of grill 
b.) Open test container for max airflow  
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4.) Conduct Trials 
a.) Start fire by lighting starter log 
b.) Start stopwatch upon lighting of starter log 
c.) Monitor fire to ensure effective burning, potentially consolidate if necessary 
d.) Stop timer when there is no sign of a visible flame 
e.) Record total time  
 
5.) Repeat step 4 until several trials have been completed 
6.) Repeat steps 4 and 5 for different woods if necessary 
7.) Average results for each type of wood 
 
This test procedure was only used to develop the control group, from here a secondary test 
procedure was used on the dependent variables. To ensure our closed system has equivalent 
capabilities of an open system, the burn times must be equivalent. As a result an initial inlet and 
exit area were developed using the model. From here closed burn tests were completed 
according to the following procedure.  
Closed Burn 
 
1.) Cut wood to pre-determined size 
a.) 300-500 gram of wood pieces 
b.) 3 cm by 12 cm by varying thickness up to 4 cm 
 
2.) Cut starter log to pre-determined size 
a.) 15 grams of starter pieces 
 
3.) Cut test container opening to pre-determined size 
a.) Inlet Area- 50.8 mm x 254 mm (12,903 mm2) 
b.) Exit Area- 88.9 mm x 254 mm (22,580 mm2) 
 
4.) Prepare test apparatus 
a.) Place test container inside of grill 
b.) Close test container so all air flows through the cut opening 
 
 
5.) Conduct Trials 
a.) Start fire by lighting starter log 
b.) Start stopwatch upon lighting of starter log 
c.) Monitor fire to ensure effective burning, potentially consolidate if necessary 
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d.) Stop timer when there is no sign of visible flame 
e.) Record times for each adjustment 
f.) Record temperature at the top of the box every 30 seconds 
 
6.) Repeat step 5 until several tests have been completed  
7.) Average results for each adjustments 
 
Completing the open burn, and closed burn will yield a multitude of burn times and 
temperatures. The results will be shown and discussed below to determine effectiveness of the 
experiments and validity of the hypothesis. 
Results 
 
To begin data needed to be collected for the control group. Four tests were completed in order 
to collect a large data sample and the results can be seen below in table 5.  
TEST 
(Open) 
 WOOD 
WEIGHT 
(grams) 
STARTER LOG 
WEIGHT 
(grams) 
TOTAL 
PIECES 
DIMENSIONS 
(W x L x D) 
TOTAL 
BURN TIME 
(mins secs) 
1 505 g 16 g 6 6 cm x 12 cm 
x 1 cm 
41 mins         
32 secs 
2 514 g 17 g 5 Varying N/A 
3 
(Control 
Group) 
300 g 16 g 6 3 cm x 12 cm 
x varying 
thickness to      
3 cm 
28 mins 
57 secs 
4 
(Control 
Group) 
419 g 17 g 6 3 cm x 12 cm 
x varying 
thickness to      
4 cm 
28 mins 
8 secs 
 
Table 5-Control Group Burn Times 
 
All the successful tests contained approximately the same amount of starter log weight and 
total number of pieces. The dimensions of the wood pieces were kept as similar as possible as 
well. The unsuccessful test (Test 2) had several problems which will be discussed later in the 
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discussion section. As a result all subsequent tests will contain a total of six pieces in the “crib” 
orientation with similar dimension to test 3 and 4. 
Using the information gathered from the open burn testing, the closed burn test data was 
developed and can be seen in table 6. 
TEST 
(Closed) 
 WOOD 
WEIGHT 
(grams) 
STARTER LOG 
WEIGHT 
(grams) 
TOTAL 
PIECES 
DIMENSIONS 
(W x L x D) 
TOTAL 
BURN TIME 
(mins secs) 
1 311 g 14 g 6 3 cm x 12 cm 
x varying 
thickness to      
3 cm 
35 minutes  
15 seconds 
2 314 g 15 g 6 3 cm x 12 cm 
x varying 
thickness to      
3 cm 
33 minutes 
42 seconds 
3 
 
343 g 16 g 6 3 cm x 12 cm 
x varying 
thickness to      
3 cm 
31 minutes  
36 seconds 
 
Table 6- Closed Burn Times 
In order to create a more accurate comparison to the theoretical model, in the closed burn 
tests, temperature was recorded every 30 seconds. The complete temperature profile of one 
entire test can be seen below (All subsequent tests can be seen in the appendix).  
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Figure 17-Closed Burn Temp vs Time 
In the figure above one can see lower temperatures in the beginning while the starter log 
begins to ignite the wood, followed by a drastic increase in temperature upon ignition, until a 
peak of over 900 F° was reached as well as a total burn time of over 30 minutes. This was the 
general trend expected and seen for all closed burn tests to allow verification with the control 
group and simulated data.  
For further visualization of all the data collected a plot comparing the simulated data along with 
the measured results was developed and can be seen below. 
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Figure 18- Comparison of Simulation and Measured Results 
As can been seen in the figure above, all closed burn tests as well as simulated data have nearly 
equivalent burn times as well as peak temperatures. This information was critical to verification 
of all work completed.  
The simulated plot was shifted to the match the highest points of the accrual burn tests so as to 
match the burn rates after that. This was done as it was apparent that the actual burn tests 
took a lot longer to reach this highest point. The plots show very good validation of the 
simulated plot after the peak burning point. 
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Discussion 
On the surface burning wood seems like a very simple concept. However the number of 
variables involved to elicit a similar burn time is essentially unlimited. For our scope several 
major variables were held constant and the others effect was assumed to be negligible. Due to 
complexity of burning wood it was ruled down to mass of the wood, orientation, shape, and 
number of pieces as the main influences. Through several iterations of tests it was determined 
that mass of the wood has minimal impact on overall burn time. Obviously extreme cases in 
which the mass varied by a factor of 10 there would be an effect, however all masses used in 
our burns will remain under 1 kg. Orientation was experimentally determined to be extremely 
important. The orientation in test two was unsuccessful to the point that the wood did not 
even completely burn (can be seen in the appendix). This is unacceptable and so a more 
appropriate orientation needed to be determined. In test three and four a highly successful 
orientation was determined and will be used in all future tests. (shown in appendix). From 
there the wood dimensions, and number of pieces were held constant while the mass varied by 
nearly 100 grams. However as shown above the burn times were nearly identical, leading to the 
idea that in order to keep our experiments consistent the focus needs to be directed towards 
shape, number of pieces, and orientation while mass just needs to be reasonably close.  
 
Through completion of the closed burn tests the team has verified the originally defined 
hypothesis of testing the feasibility and effectiveness of substituting an open flame biomass 
cooking process with a closed system while sustaining an adequate fire.  With help from the 
theoretical model, inlet and exit areas were developed. To verify these areas as well as the 
model, closed burn tests were run. The closed burn tests resulted in very similar burn times to 
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the control group, through this it can be determined that the closed burn was receiving a flow 
rate of air comparable to that of the open system. Through temperature collection the team 
was able to match the peak temperature yielded in the model to the closed burn tests, verifying 
the models accuracy. In summary the team has proven that through similarly developed inlet 
and exit areas one could adopt an economical closed system and still sustain an adequate fire.                                    
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Conclusion/Recommendations  
The emissions released from burning fuel sources such as wood, coal, or animal waste results in 
approximately 1.3 million deaths per year. The team set out in October to lay the ground work 
for eventually transitioning all open flame cooking process with a closed system with filtration. 
To do this, we developed a process to test the feasibility and effectiveness of substituting an 
open flame biomass with a closed system while sustaining an adequate fire.  After experimental 
data as well as simulated analysis the team has proven an economical closed system is entirely 
feasible. As a group our hope is that someone with the skills and inclination, using our data, will 
develop a way to reduce the overall emissions. Whether this happens through filtration at the 
exhaust or embedded in the insulation remains to be determined and is recommended future 
work. 
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APPENDIX 
TEST EQUIPMENT 
EQUIPMENT QUANTITY 
Chop Saw 1 
Electronic Scale ( grams) 1 
Tape Measure 1 
Stop Watch 1 
Starter Log 1 
Temperature Gage 1 
Sheet Metal Container 1 
Grill  1 
Wood As necessary  
 
OPEN BURN TEST SETUP PART 1 
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OPEN BURN TEST SETUP PART 2 (“Crib”) 
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OPEN BURN TEST COMPLETE 
 
 
 
UNSUCCESSFUL BURN ORIENTATION (TEST 2) 
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CLOSED BURN DESIGN  
 
INLET AREA 
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EXIT AREA 
 
 
CLOSED BURN TEST SETUP 
 
 
40 
 
 
CLOSED BURN TEST 2 
 
 
 
 
CLOSED BURN TEST 3 
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